| 11113 (Devictor et al., 2010; Fox & Morrow, 1981) . For instance, populations from a generalist species can be composed of generalist individuals displaying a high within-individual variation in resource use or of specialist individuals displaying a high between-individual variation in resource use (Amundsen, Gabler, & Staldvik, 1996; Bearhop, Adams, Waldron, Fuller, & MacLeod, 2004) . Additionally, the degree of specialization need not be static in time and space as a species realized dietary niche width can vary seasonally and geographically (Devictor et al., 2010; Ferry-Graham et al., 2002) . Thus, fundamental specialization describes a degree of specialization that is an inherent species trait, and realized specialization describes a degree of specialization that is flexible and dependent on local conditions. Polar cod (Boreogadus saida) is ubiquitous both in open water and below the pack-ice (Gradinger & Bluhm, 2004; Lønne & Gulliksen, 1989) and is the most abundant species in epipelagic zones at high latitudes (Benoit, Simard, & Fortier, 2008; Fortier et al., 2015) . Polar cod plays an important role in linking trophic levels and is responsible for a large transfer of energy to piscivorous organisms (Hop & Gjøsaeter, 2013; Wassmann et al., 2006; Welch et al., 1992) . The presence of polar cod in both the Atlantic and Arctic domains in Svalbard suggests that this species has important adaptive capacities and can tolerate a wide range of temperatures and salinity (Falk-Petersen, Frivoll, Gulliksen, & Haug, 1986; Nahrgang et al., 2014; Renaud et al., 2012) though it was suggested that polar cod's growth and fecundity is reduced in Atlantic domains (Nahrgang et al., 2014) .
Based on pan-arctic meta-analysis, it was established that polar cod is a zooplankton generalist predator (Mueter, Nahrgang, Nelson, & Berge, 2016; Renaud et al., 2012) . Polar cod have also been described as opportunist feeders (Ajiad & Gjøsaeter, 1990; Majewski et al., 2016; Nakano et al., 2016) and more rarely as specialist feeders (Cui, Grebmeier, & Cooper, 2012) . This variability partly stems from evaluating diet at varying spatial and temporal scales and from inconsistencies regarding the choice of a fundamental or realized approach to describing degrees of specialization. Furthermore, the difficulties and expenses associated with sampling during the polar night have greatly hampered seasonal comparisons and this study offers rare insights into seasonal variation of ecological processes in the high Arctic.
Here, we studied polar cod stomach content to evaluate and contrast the (a) seasonal and geographical variations in dietary niche width, (b) variation in ingested prey taxa between fall and winter from Atlantic and Arctic domains, and (c) degree of realized individual and population specialization in fall and winter from Arctic domain fjords and an Atlantic domain fjord using a metric of specialization developed by Amundsen et al. (1996) . More generally, we aim to reveal the importance of acknowledging organizational levels (individual, population, and species) when drawing conclusions on dietary specialization.
| MATERIAL S AND ME THODS

| Field sampling
Polar cod were collected in three sites from the Svalbard archipelago.
Billefjorden and Rijpfjorden are fjords displaying Arctic characteristics and dominated by Arctic species (Bandara et al., 2016; Nahrgang et al., 2014) , whereas the sound of Smeerenburg is heavily influenced by inflow of warmer and more saline Atlantic water ( Figure 1 ). (1986) . Only individuals over 10 cm were kept for the analysis as they are likely to be mature individuals and be less limited in their diet choice due to gape size. The dissected stomachs were examined with a dissecting microscope, and prey taxa were identified to the lowest possible taxonomic level. Individuals of each prey taxa were counted and weighed. Some taxonomic levels were grouped into broader dietary categories for the analyses.
F I G U R E 1
| Qualitative diet analysis
In order to observe whether polar cod displayed seasonal variations in diet, we first performed a nonmetric multidimensional scaling (nMDS) analysis. Polar cod level of specialization was then directly assessed using the percent prey-specific abundance (%Pi) versus frequency of occurrence (FO) diagram described by Amundsen et al. (1996) (Figure 2 ). FO and %Pi were measured using the following equations:
in which N i is the number of stomachs with a given prey i in their stomach, N is the total number of stomachs excluding empty stomachs, S i is the total weight of prey i from all stomachs, and in which S t i is the total prey weight of all stomachs containing prey i. Empty stomachs were excluded from the calculations along with unidentified material which would bias the results. Diagrams were generated separately for the three sites and the two seasons, and all individuals with prey in their stomach (n = 286) were retained for the analysis. Dietary niche width was calculated with the Shannon-Wiener (H′) diversity index (Spellerberg & Fedor, 2003 ) and Simpson's (D) diversity index (Simpson, 1949 ). in which n is the total number of stomachs, N x is the total amount of prey x for fish j, and N T is the total amount of prey for fish j. For (1996) diagram, the amounts are measured in grams, but the method could also apply to numerical quantities.
| Statistical diet analysis
The mean relative abundance of prey x in prey-specific stomachs (xA p ) is a good approximation of prey-specific abundance (Pi) as it focuses strictly on stomachs containing prey x. Therefore, high mean relative abundance of prey x in prey-specific stomachs is likely to reflect high prey-specific abundance (Pi). Mean relative abundance in prey-specific stomachs as a proxy for Pi was calculated as:
in which n p is the total number of stomachs containing prey x.
High mean relative abundance (xA) and high mean relative abundance in prey-specific stomachs (xA p ) are analogous to general specialization, whereas low mean relative abundance (xA) but high mean relative abundance in prey-specific stomachs (xA p ) is analogous to individual specialization. The Kruskal-Wallis analysis was conducted on the most abundant prey types (as per gravimetric measures):
Themisto libellula, Teleostei, and Euphausidae. These results combined with a visual interpretation of Amundsen et al. (1996) diagrams were used to evaluate the difference in the degree of specialization between sites and seasons. All statistical analyses were performed using the R Core Team (2014) software.
| RE SULTS
| Effects of season and domains on diet composition
We retained 309 stomachs for the diet analysis from a total of eleven trawl samples across two domains (Arctic and Atlantic) and seasons (Fall and Winter). The nMDS highlighted a seasonal effect in dietary composition for all populations (Figure 3 ). The PERMANOVA indicated that polar cod diet differed significantly between fall and winter (F 1,6 = 7.3167; p = .002), and between Arctic and Atlantic domains (F 1,6 = 2.69; p = .042); 40% of the total variance was explained by the Season factor (r 2 = .401), whereas 15% of the total variance was explained by the Domain factor (r 2 = .147). A SIMPER analysis indicated that T. libellula and Teleostei contributed to at least 70% of the observed difference between groups. Characterization of the seasonal diets follows in the analysis on degree of specialization. Rijpfjorden. In the Atlantic site of Smeerenburg, fish prey had the highest frequency of occurrence and the highest prey-specific abundance (Figures 4 and 5c) . A shift from a realized population specialization in fall to a realized individual specialization in the winter was visible when examining each site separately (Figure 4) . Overall, we did not observe a generalized feeding behavior (or high within-individual component).
| Degree of specialization
| Dietary niche width and prey diversity
In concordance with population specialization in Arctic sites in fall, the Shannon-Wiener index highlighted an increase in dietary niche width in the winter in each site and a greater dietary niche width in (Figure 6a ). These trends are also displayed by the Simpson's index, which indicated a higher ingested prey diversity in the winter for all sites, and a higher ingested prey diversity in the Atlantic site in fall (Figure 6b ).
| D ISCUSS I ON
| Spatial and temporal variations in polar cod diet and degree of specialization
Polar cod is commonly depicted as an essential element of the Arctic marine food web linking primary consumers to higher trophic levels (Bradstreet et al., 1986; Melnikov & Chernova, 2013; Rice, 1995) .
Our study indicates that adult polar cod populations from Svalbard also act as tertiary consumers with a diet primarily composed of secondary consumer amphipod in fall and fish prey in the winter.
We noted a strong population specialization on T. libellula in Arctic domains in fall, which corresponds to prior diet observations even in the presence of other prey types such as euphausiids and copepods (Dalpadado et al., 2016) . A diet primarily composed of the hyperiid amphipod T. libellula in Arctic domains in fall had previously been reported in a study comparing the diet and reproduction of polar cod between Atlantic and Arctic domains in Svalbard (Nahrgang et al., 2014) . Likewise, T. libellula is frequently observed as a prey item in the North American Arctic, but important interannual variations exist (Buckley & Whitehouse, 2017 and decreases with stronger inflow of Atlantic water (Dalpadado et al., 2016) .
Altering prey availability as a result of seasonality and habitat heterogeneity, and abiotic factors such as seasonal change in light regime are suspected to explain these changes in ingested prey species compositions. These observations have led many to conclude that polar cod are opportunistic feeders (Ajiad & Gjøsaeter, 1990; Bradstreet et al., 1986; Buckley & Whitehouse, 2017; Christiansen, Hop, Nilssen, & Joensen, 2012; Lowry & Frost, 1981) and zooplankton generalists (Renaud et al., 2012) and will feed on which ever prey is available and most abundant at a given moment. Our study confirms that polar cod display a generalist diet at the species level with a diverse set of invertebrates as well as fish prey, but it also highlights a strong realized specialization that varies seasonally and geographically.
| The biotic and abiotic mechanisms for a realized specialization
Polar cod have the ability to forage on a wide diversity of prey yet when compared to other co-occurring fish species, their diet often suggests a population specialization that does not appear to reflect the diversity of available prey (Cui et al., 2012; Dalpadado et al., 2016) . Optimal diet theory (ODT) predicts that an increase in prey abundance and diversity should lead generalist predators to discriminate between preys and to specialize on higher value prey types (Sih & Christensen, 2001) . Arctic fjords generally exhibit a diversity of potential prey such as T. libellula, T. abyssorum, euphausiids, and large calanoid copepods (Bandara et al., 2016; Cusa, 2016; Gluchowska et al., 2016; Ormańczyk et al., 2017) , and the observed specialization shifting from pelagic to benthic could further explain the observed change in diet (Jørgensen & Jobling, 1990) . Interestingly, the winter diet of polar cod remains quite specialized on T. libellula in Billefjorden.
Polar cod's ability to adjust to a low-light regime by changing the optical properties of its lens to a rod-dominated retina while retaining multifocal vision (Jönsson, Varpe, Kozłowski, Berge, & Kröger, 2014) combined with more light in this lower latitude fjord (Berge et al., 2015) may permit them to continue foraging on T. libellula.
In 2017, potential fish prey species were all more abundant in summer than in winter (Geoffroy et al., 2019) , yet the rather consistent individual specialization on these prey predominantly in winter suggests that other mechanisms than prey availability may be at play, such as the impaired visual ability of fish prey to escape their predators during the winter months, though polar cod might be equally impaired visually.
| Limitations
One of the most important limitations of this study is the lack of prey community composition systematically sampled in concurrence with polar cod stomach samples. Methot Isaac Kidd (MIK) sampling was performed both in Rijpfjorden in fall and in winter for an adjacent project but the samples were analyzed using different methods and levels of expertise. We therefore prefer to discuss our results by referring to past studies and other manuscripts, which have investigated the community composition and abundance of zooplankton in a range of fjords in Svalbard allowing us to make well-informed inferences (Bandara et al., 2016; Błachowiak-Samołyk et al., 2017; Cusa, 2016; Dalpadado et al., 2016; Geoffroy et al., 2019; Kraft, Berge, Varpe, & Falk-Petersen, 2013) . Furthermore, bioenergetic measurements of the potential prey would help elucidate whether, all else being equal, there is an advantage to select for a given prey over other available prey (But see Mayzaud & Boutoute, 2015) . it is difficult to draw conclusions based on these analyses as they diverge from our samples both spatially and temporally.
| Implications, outlook, and conclusion
Genetic variation between polar cod populations (Madsen, Nelson, Fevolden, Christiansen, & Praebel, 2016) , their possible isolation, as well as a lack of understanding on migratory and reproductive patterns, calls for a narrower geographical scale description of feeding strategies. It also asks for careful consideration when implying that putative populations of polar cod may respond homogeneously to changes in prey composition. Populations that exhibit strong genetic structure could display unique population-specific spatial and tem- The Arctic environment is changing rapidly, altering trophic interactions, selection pressures, and community composition (Edwards & Richardson, 2004; Hoegh-Guldberg & Bruno, 2010; Langbehn & Varpe, 2017; Rice, 1995; Varpe, Daase, & Kristiansen, 2013; Zerba & Collins, 1992) ; and species response to changes induced by climate change will partly depend on their phenotypic plasticity (Munday, Warner, Monro, Pandolfi, & Marshall, 2013; Sih, Ferrari, & Harris, 2011) . Studies have previously reported the selective behavior of polar cod on specific prey types (Cui et al., 2012; Hop & Gjøsaeter, 2013) , and we therefore suggest that polar cod specialization on T. libellula in Arctic domains in fall is a factor of both (a) an increased availability of T. libellula, and (b) a preference for T. libellula as a prey.
Furthermore, we suggest that the near-absence of T. libellula in the diet of polar cod in some sites during the winter and an increase in dietary niche width including individual specialization on fish prey likely reflects either or both (a) the low abundance of this Arctic amphipod, and (b) fish's reduced ability to rely on visual cues for prey search and predator avoidance.
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